The Drosophila snail gene is required for proper mesodermal development. Genetic studies suggest that it functions by repressing adjacent ectodermal gene expression including that of the single-minded (sim) gene. The snail gene encodes a protein with a zinc-finger motif, and here we report that the snail gene product is a sequence-specific DNA binding protein. The snail protein recognizes a 14-base-pair consensus sequence that is found nine times in a 2.8-kilobase sin regulatory region. These results provide evidence for the direct control of sim transcription by snail. 1B ) and continues to be expressed in the CNS midline cells throughout embryogenesis (6). Because of its initial transcription in the blastoderm, expression of sim provides a useful indicator for mesectodermal specification.
During development of the blastoderm embryo, activity of a group of maternal and zygotic genes that control dorsalventral patterning results in the formation of distinct cellular domains, including presumptive mesoderm, mesectoderm, neuroectoderm, dorsal-lateral ectoderm, and extraembryonic membranes (ref. 1; Fig. 1A ). The mesectodermal cells derive from two single cell-wide stripes that lie between the presumptive mesoderm and neuroectoderm. The mesectodermal cells give rise to the neurons, glia, and other specialized cells that lie along the central nervous system (CNS) midline and are anatomically, developmentally, and functionally distinct from the lateral CNS (2, 3) . The singleminded (sim) gene encodes a basic helix-loop-helix transcription factor that is required for proper development of the CNS midline lineage (2, 4, 5) . The sim gene is initially transcribed near the end of the cellular blastoderm stage in the two stripes of mesectodermal precursor cells (ref. Fig.  1B ) and continues to be expressed in the CNS midline cells throughout embryogenesis (6) . Because of its initial transcription in the blastoderm, expression of sim provides a useful indicator for mesectodermal specification.
Recent work has indicated that specification of the mesectodermal cells results from the action of genes that specify dorsal-ventral polarity in the embryo, including the dorsal, twist, and snail transcription factors (1, 4, (7) (8) (9) (10) . Both dorsal mutants and twist/snail double mutants result in the loss of sim expression, indicating their requirement for sim transcription (1) . The roles of dorsal and twist are presently unclear, but one or both are likely to activate sim in the ventral region of the blastoderm (1) . Both proteins are expressed as gradients along the ventral side of the embryo and are expressed in the mesectodermal nuclei (11) (12) (13) (14) . The effects of snail mutations on sim expression are particularly striking and result in ectopic ventral sim expression in cells that normally comprise the mesoderm (refs. 1 and 4; Fig. 1D ). snail is expressed in the mesodermal anlage and is absent in detectable amounts from the adjacent mesectodermal cells (refs. 8, 10 , and 15; Fig. 1C ). These results are consistent with the idea that snail is a ventral repressor ofsim and plays a role in establishing the ventral boundary of sim expression.
The ventral expression of snail protein shortly precedes the appearance of sim transcripts. snail encodes a nuclear protein that contains five transcription factor IIIA-like zinc fingers and is likely to bind DNA (15, 16) . The timing of snail's embryonic expression pattern and its zinc-finger motifs suggest that snail may directly control sim transcription. In this paper, we show that snail is a sequence-specific DNA binding protein and that it binds to multiple sites within sim regulatory DNA.
MATERIALS AND METHODS Whole-Mount in Situ Hybridizations. Whole-mount in situ hybridizations were carried out with digoxigenin-labeled DNA probes according to the method of Tautz and Pfeifle (17) . Probes used included full-length sim and snail cDNA clones and the Escherichia coli lacZ gene.
Preparation of snail Protein. A full-length snail cDNA clone was isolated from a Drosophila embryonic 3-to 12-hr AgtlO library constructed by L. Kauver and T. Kornberg (University of California, San Francisco). The snail protein was prepared by using the bacterial T7 expression system (18) . An Nco I site was created at the snail translational start site by in vitro mutagenesis (19 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" threitol/0.05% Nonidet P-40/bovine serum albumin (20 pug/ ml)/poly(dI-dC)-poly(dI-dC) (100 lg/ml). Renatured snail protein or control extracts (0.2 pug) were preincubated at room temperature for 10 min. Then 2 x 103 dpm of 32P-endlabeled restriction fragment was added, bringing the final reaction volume to 25 p.l and the incubation continued for 30 min. DNA-protein complexes were subjected to gel blectrophoresis and mobility-shift analysis (21 Fig. 2A ). Previous germ-line transformation experiments, in which sim DNA is fused to lacZ, have shown that PE and all of the regulatory elements necessary for early sim transcription are in a 7.8-kb BamHI fragment (4) . We now show that a 2.8-kb sim genomic fragment contains PE and all of the necessary elements required for sim midline expression ( Fig. 2A) . This is demonstrated by in situ hybridization of a 3-galactosidase DNA probe to embryos bearing the P[2.8sim/lacZ] element. The early ,3-galactosidase transcription pattern is similar to that of the native sim gene (compare Fig. lE to Fig. 1B) . snail Protein Binds to Specific Sites in sim Regulatory DNA. To identify putative snail binding sites in the 2.8-kb region of the sim early promoter, we used a snail cDNA clone to A produce snail protein by bacterial expression methods (18) . This protein was used in electrophoretic mobility-shift and DNase I footprinting assays. The 2.8-kb sim genomic fragment, shown by germ-line transformation to contain the sim midline pattern elements, was digested into 11 restriction fragments that span the entire region ( Fig. 2A) Fig. 3 . In the presence of snail protein, two sites on fragment J (Sna-4 and Sna-5) are well protected from DNase I cleavage (Fig. 3A) . Fragments B and I both contain a single site of protection (Sna-1 and Sna-3, respectively; data not shown) that is only weakly protected compared to those on fragment J. Fragments C and D share one weakly protected site (Sna-2) in the region where the two probes overlap (data not shown). The sequences that are protected on all five restriction fragments are shown in Fig. 3B . The Sna-5 site spans 47 base pairs (bp); the Sna-4 site spans 34 bp; and the Sna-3, Sna-2, and Sna-1 sites span approximately 33, 20, and 21 bp, respectively. Alignment of protected regions reveals a 14-bp consensus sequence (AN-CACCTGTTNNCA) that is present once in Sna-1, Sna-2, and Sna-3; twice in Sna-4; and four times in Sna-5. The four regions in Sna-5 can be arranged as two inverted repeats. In A each of the Sna-5 inverted repeats, the two conserved elements overlap one another by 10 bp, resulting in an 18-bp sequence with dyad symmetry. In Sna-4, the two conserved sites are in inverted orientation with respect to one another and are separated by 9 bp. The specificity of snail protein for DNA binding sites is also shown by competition experiments. Binding of snail protein to fragment J was inhibited by the presence of a 200-fold molar excess of an oligonucleotide containing Sna-5a and Sna-5b binding sites (Fig. 2C, compare lanes 1 and 3) . However, an equivalent amount of an oligonucleotide containing an unrelated DNA sequence failed to inhibit snail binding (Fig. 2C, lane 4) .
DISCUSSION
The Drosophila snail protein has five zinc fingers of the transcription factor IIIA Cys2-His2 class (16) the snail protein has also been described in vertebrates (23) . Our results provide direct evidence that the snail gene encodes a sequence-specific DNA binding protein and that this protein is likely to be a transcriptional regulator. Crystallographic studies on another zinc-finger protein, zif286, have indicated that each finger is likely to interact with three nucleotides within the major groove of the DNA helix (24) . It is predicted that a snail protein monomer would bind a 15-bp sequence, a size similar to that obtained for the consensus sequence described here. The consensus sequence, however, does extend beyond the protected regions in several cases (Fig. 3B, Sna-1 (Fig. 3 , compare Sna-5 and Sna-4). The number of copies of the consensus sequence contained within a binding site thus correlates with the binding efficiency of snail to that site. While the consensus sequence is sufficient for snail binding, the exact sequences within the consensus, adjacent nucleotides, spacing of binding sites, and snail multimerization may play a role in binding affinity.
Genetic and biochemical evidence support the idea that snail is a direct repressor of sim transcription. In addition to sim, snail appears to repress ventral expression of the neuroectodermal genes achaete-scute T3, enhancer of split m7, and rhomboid (9, 10) . It will be interesting to determine whether snail regulates transcription ofthese and other genes expiessed in the neuroectoderm by binding DNA sequences similar to those found within the sim gene. The developmental role of zinc-finger proteins as transcriptional repressors is not unique to snail. Genetic and biochemical data support the roles ofzinc-finger gap genes such as Krippel and hunchback in repression of transcription (25) (26) (27) (28) . In these cases, the gap gene protein binding sites are interspersed among binding sites for transcriptional activators. It is interesting that the consensus snail binding site identified in this paper contains an E-box sequence, CACCTG, similar to that generally bound by basic helix-loop-helix transcription factors (29) .
The significance of this motif in the sim gene is unknown but allows speculation that basic helix-loop-helix transcriptional activators (e.g., twist) may activate sim in the mesodermal and mesectodermal anlage in the absence of snail but that snail may block binding and repress expression in the mesoderm. The exact biochemical nature of snail repression of sim transcription will be revealed by further biochemical, germ-line transformation, and genetic analyses.
